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1, INTRODUCTION 

In the development of economy, the transportation plays a vital role. But in recent studies it is 
observed that in most of the cities with high population density, the quality of atmospheric air is being 
decremented due to the emission of greenhouse gases from conventional vehicles. Hence, the transportation 
with the utilisation of the electrical vehicles overcomes these ill effects on the environment and results in the 
eco-friendly transportation. The components that are incorporated in an electrical vehicle are battery, 
ultra-capacitor and fuel cell (FC) which acts as an energy source for the propulsion system. Among the above 
stated, the fuel cell is found to be the better primary source of energy in the EV because of its high power 
density and green source of electrical energy. Since the response of the FC is slower it leads to the poor 
response during the sudden variations in loads. Hence, the ultra-capacitor is effective for the propulsion 
system in the dynamic conditions. The characteristics of ultra-capacitor are high energy density and low 
power density which leads to the charging and discharging at a faster rate and hence allowing the ultra- 
capacitor to provide energy in case of transients [1-3]. 

Generally the voltage level of a FC is very low but the voltage level of a drive motor to which the 
FC supplies energy is of high level. So the step up chopper is necessary to boost the level of voltage of FC 
[4]. But at that voltage gain conditions, the maintenance of the efficiency is a typical task [5-8]. For a given 
power condition, low voltage leads to the high current which in turn makes the boost converter to be operated 
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at small duty cycles which increases the size of the inductor, output capacitor and also increases the losses 
which finally results in the low efficient converter [9]. 

Hence, the high power converters are necessary to boost the voltage level of FC and handle the high 
voltage and current at output and input respectively without impacting the efficiency for the high power 
applications such as EV. By interleaving multiple conventional-boost converters the problem can be handled 
and it’s the most efficient way. 

In this paper we assess the feasibility of the interleaved double dual boost converter to attain higher 
voltage gain in comparison to the classical boost converter [10-14]. The similar modelling is to be chosen 
among others that too have high gain properties [15-23] because it leads to the likelihood of phase 
interleaving which in turn permits the modular characteristics of converter applicable for high 
power applications. 

In electrical vehicles, the perturbations of load which occur typically. Even at such conditions, 
to regulate the output voltage at nominal values, the controller having higher efficiency is required. In this 
work a LQR control of an interleaved double dual boost converter was presented [24] and its efficacy is 
verified under different load disturbances using the simulation techniques of matlab/Simulink. 


2. MODELING OF THE TWO-PHASE CONVERTER 
2.1. Topology 

The IDDB having two phases is illustrated in the Figure 1, in which the load is represented by Ro. 
Each phase of the converter consists of conventional boost module with an inductor along with its respective 
pair of switches. Here “modulel” denotes phasel and capacitor C1 and vice-versa. 





Figure 1. IDDB with two phases 


The resistors Rl and R2 represent the lumped internal resistances of the inductor and the switches. 
In this topology of the converter each switch is represented by a transistor and an anti-parallel diode aiding 
bidirectional flow of power necessary for accommodating energy storage devices such as batteries and 
ultra-capacitors. 

The output voltage vo (1.e., the voltage at the load R,) 1s given by: 


Vo= Vit V2- Vin (1) 

The source current of the converter is given by: 

lin= i+ 12- lo (2) 
where io= Vo/Ro is the output current of the converter. 
2.2. Converter Model with Reduced Order 

The two-phase IDDB with bi-directional switches is shown in Figure 2. Where duty cycle of the 
switch S; is represented by 6; and indicates inductor charging mode by connecting the inductor parallel to the 


source (Vin). It assumes that the duty cycle is in conjunction to the conduction of lower transistor for the 
switch S; of module! while in case of module2 it indicates the conduction of the upper transistor, switch S>. 
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Figure 2. Two-phase IDDB with two-way switches 


The state-space model of the converter can be written as: 
x = Ax + Bu.. (3) 


Since the converter has four energy storing elements, the system represents a fourth order system, 
and the state vector x 1s given by (4) representing the average values of the variables 


x2ph=[li Vi lL V2]! (4) 
The system has only one input and is given as: 
u = [Vin]. >) 


Using the state-space averaging method [2] and using the notation 6; =(1- 0i), the state matrix is given by: 
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While the input matrix is given by: 
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Now, a perfect symmetry among the phases will be considered, 1.e. 
l4=lLg=L 
Ri =Ro=R 
Cy=Q.=C 
Vi=V2=V 


For the controller design, the system can now be written as two independent systems of order two, 
one for each module, the first of them having the following state vector: 


x'o m =[ VI (8) 
The reduced system matrix and the reduced input matrix are then given by: 
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The generated reduced-order system represents the current and voltage dynamics of the 
corresponding module. 

Assumption 1: Two modules of the converter are symmetric. 

The variable duty cycle 6 is similar to both the modules. The model is concerned with the voltages 
across capacitors which is having an indirect relationship with output voltage. Yet, it is evident that the 
output voltage directly depends on the input voltage. This infers that any change in input voltage reflects in 
the variation of the output voltage and the compensation can be done by regulating output-capacitor voltage 
references. If any attempt is made to directly control the output voltage by ignoring module voltages it would 
lead to an imbalance of these voltages which results in distorted symmetry in the wave shape. 


3. MODELING OF THE N-PHASE CONVERTER 

As stated, this topology facilitates modular structure permitting more than two phases. For attaining 
symmetry, even multiple of phases are preferred. This section is to hypothesize the modelling of converter to 
N-phase topology. 

The coalition of the phases that are connected to the capacitor C; and capacitor C2 itself forms 
module-1 and vice versa in case of module-2. As a validation, the six-phase converter is illustrated in 
Figure 3 to portray multiple phases. 





Figure 3. Six phase IDDB converter 


The source current is given by: 


ee es (10) 


in 


The N-phase IDDB has N+2 state variables, here chosen as the representing ‘N' inductor currents 
and two capacitor voltages. 
The differential equation for the current in each of the N/2 inductors of module | is given by: 


d 1 = 
ake "a R,1, -V,6 ,+V,) (11) 


for k =1..., N/2. Similarly for k=(N/2)+1 to N 
The differential equation for the voltage in Cl is given by V1 


N 
dy (2. 13 Et Me (12) 
dt' C, , 
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Similarly for voltage aceoss C2 

Now, by exploring the symmetry of the system same like two phase all inductances and capactors 
are same and also, using the same current reference for the currents of each module, the current in every 
phase is the same, Le., 


IT, =Io=.......=INn=I 


and the duty cycle is the same for all phases, 1.e., 


6,=—090= rere =dn=0 

Then, 

Bee as a) (13) 
dt L 

And, 

d,,_1| (wer) -2V+V,, (14) 
dt C| 2 R, 


In the state-space form, the state vector is 
X=[7 vy’ (15) 


while the system and input matrix are 











-R -6 po 
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Table 1 Parameter Values 
Parameter Description Value 
Vin Input voltage 60 V 
R Series Resistance 0.150 
L Inductance 535 uH 
C Capacitance 470 uF 
R, Load Resistance 59 QO 
Tay Switching Frequency 10 kHz 
0 Duty cycle 0.73 


4. METHODOLOGY OF LQR CONTROLLER 
The finite horizon, linear quadratic regulator (LQR) 1s given by: 


x= Ax+ Bu y=Cx xeER' uER",yEeR", x, give 1 =1 f(s Ox+u" Ru at 


where Q > 0, R > 0, Pi> 0, are symmetric, positive (sem1-) definite matrices. The Q and R are weight matrices 
for states and control input respectively, as shown in Figure 4. 


The LOR control input is given by u =—kx.‘k? is LOR gain and is given by k = R-'B’ P 
And ‘P’ can be obtained from algebraic Ricatti equation solution of : 


A’ P+PA-—PBR'B'P+Q=0 
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Figure 4. Control diagram of the implemented controllers 


5. RESULTS AND DISCUSSION 

The IDDB converter is modelled and the functioning of the system is verified on matlab/simulink by 
employing LQR controller. The results of whole system parameters are illustrated below. Here, two phase 
and six phase IDDB converter with LQR controller simulation results are explained. 

The PWM pulses which are fed to two first-phase IGBTs are interpreted in Figure 5. From the 
Figure it can be concluded that both the switches are operating simultaneously. The currents flowing through 
the inductance of the one of the phase are illustrated in Figure 6. From the figure it 1s evident that the current 
in each inductance possess a current ripple of 8A. So that the size of inductance L; and Lz can be reduced as 
well as power handling capacity of the conventional boost converter can be increased by using IDDB 
converter. 

Output current is shown Figure 7 and from this it is observed that the output current value is 
maintained constant. 





Figure 5. PWM pulses to IGBTs Figure 6. Input current to two phase IDDB 





Figure 7. Output current of two phase IDDB Figure 8. Output voltage of two phase [DDB 
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The output voltage and voltage across the capacitors in both phases are 1s illustrated in Figure 8. 
From the above it can be observed that the output voltage is regulated at the reference point and capacitor 
voltages are also constant for the given 60V input with the utilization of LQR controller. It 1s evident from 
the above Figure 8 that the fuel cell voltage 1.e.; 60 V is boosted to 300 V with the utility of IDDB converter 
and maintaining constant 300 V at load side with the help of LQR controller. 

The dynamic functioning of the LQR controller is also evaluated. Figure 9 shows its effectiveness 
for a step load change at 0.02sec, where the input voltage regulated by LQR controller can recur to the 
nominal value after a regulating period by regulating the output voltage to the desired value in a short time. 
However, in practice, parameter variations may glide into the components. In order to evaluate the validity of 
the adopted simplifications, the full-system model variations in the components have been considered. 

In six phase IDDB, The current flowing through the inductance one of of the phases is shown in 
Figure 11. From the above it is clearly observed the current in each inductance is varying from 4A to 16A 
respectively. Output current is shown Figure 10. In this it is realized that the output current value is 
maintained constant. 

As the numbers of phases are increasing with the same input voltage, the input current value is 
reduced but the output current value incremented to the value near to 5A to 7A by tuning the values of Q and 
R. As a result, the output voltage also increased nearly to value of 300V to 450V and is illustrated in 
Figure 12. With this we can draw a conclusion that increasing the number of phases in IDDB with same input 
results in increase of power handling capability of the converter. 
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Figure 9. Waveforms of the converter in Dynamic state 





Figure 11. input current to six phase IDDB 
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Figure 12. Output voltage of six phase IDDB 
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6. CONCLUSION 

In this paper the briefing of the modelling of the general N-phase IDDB and small signal analysis 
has been accomplished. The LQR control design for this converter has been illustrated for two-phase as well 
as six-phase IDDB. From the results it 1s obvious that the number of phases and the power handling 
capability of the converter are in direct proportion to each other. Hence, the upgrading of converter can be 
performed with more number of phases based on the load requirements. The utilization of symmetry of the 
converter and the control action is done in order to attain reduction in the complexity of the model. 
Simulation results in MATLAB/Simulink were equipped for backing the theoretical analysis. 
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